Introduction concerning the energetics, geometries, and dynamics of molecular clusters.' Supersonic jet sources can generate diverse types of homomolecular and mixed clusters. Clusters of specific size are readily separated for individual study by time-of-flight mass spectrometry.
Cluster spectroscopy is providing an immense amount of new information
Recent work relevant to the results presented below has been reviewed in the literature.'.'
During the past year we have concentrated on applying multiphoton ionization spectroscopy to the study of weakIy bound van der Waals clusters formed by the aromatic molecules naphthalene, benzene, and aniline, and their complexes with rare gas atoms. We remain in the process of data acquisition and analysis for the studies described in this report.
The principal emphasis of our current work is on establishing conditions most favorable for cluster spectroscopy of the van der Waals molecules, and elucidating their spectroscopy, geometries, and dynamics. This will lead to improved methods for selective detection of complex molecular species.
The propensity for cluster formation is of considerable interest to the objectives of the program. It is usually straightforward to select conditions that produce either monomers or very large clusters in a supersonic beam expansion. However, optimization for a desired distribution of size and temperature remains an empirical art. There is a rapidly developing literature related to this subject. Early on, Smalley and Levy3 outlined conditions desired for optimal cooling a decade ago. The following salient points remain relevant to the present experiments.
2.

3.
Cooling ceases when the gas has reached the terminal Mach number, and this occurs at a distance on the order of 10 D from the nozzle.
The terminal temperature, Tm, for expansion of a monoatomic gas is given by T, = TO( 1 + OS( g -1 ) y2 )" where g i s t h e ratio C , / C, andM,istheterminalmach number, given by h'f, = 133 (Po D )0-4 for argon, and P is in atmospheres, D is in centimeters. 4. Clustering is proportional to the density of the clustering species It is readily feasible to expand from several atmospheres into a vacuum maintained below 10-4 torr. Thus, helium carrier gas is expected to cool below 4 K. The helium-helium van der Waals bond is exceedingly weak, therefore this gas does not cluster appreciably at these temperatures. The translationally cold gas can cool guest molecules translational and rotational degrees of freedom efficiently. Experiments in our laboratory and elsewhere confirm that vibrational cooling is appreciable, although not complete, for the aromatic molecules of interest. Helium is also capable of forming mixed van der Waals clusters with aromatic molecules, however the binding energy, and hence abundance, is substantially less than for heavier carrier gases such as argon.
Expansions of the heavier carrier gases tend to form large clusters of the rare gas atoms. This is a consequence of the more attractive van der Waals interactions between these atoms. Expansions of pure argzn. for example, tend to form liquid argon droplets. Therefore, expansions of mixtures of rare gases with a helium carrier are in common usage in order to suppress droplet formation. Helium expansion provides the low translational temperature, and the larger rare gas atom provides more efficient energy transfer from the hot molecules to the cold helium gas. This, combined with the increased van der Waals bonding between argon and aromatic molecules, leads to efficient formation of mixed cluster^.^ Control of clustering has been used to considerable advantage in studies of mixed aromatic-rare gas atom clusters between an aromatic and one, two, or three rare gas a t~r n s .~ It has been possible to use high resolution rotational spectroscopy to deduce geometric structures for several of these species. The results provide unambiguous evidence for formation of multiple stable conformations for species such as tetrazeneargon, toluene-argon, and toluene-benzene. Typically, a rare gas molecule may be centrally located above the aromatic ring, or it may reside on the edge of the molecule. Each of these conformers confers specific energy shifts on the molecular transitions. These shifts are small and uniform among the vibrational levels for mixed clusters, however they are expected to be complex and nonuniform in the case of homomolecular clusters. Information on cluster ionization energetics and fragmentation dynamics is emerging from a number of research groups. Ground state dissociation energies for the trimer and tetramer are expected to be similar to the measured6 benzene dimer Do of 800 cm-1. For clusters containing an aromatic molecule with an argon atom, Do is expected to be appreciably less. Measurements indicate that in the benzene dimer ion, binding energy increases to 5000 cm-* -6 Intermediate binding energies are deduced for S, excited states by observing their transition energies and also the break off of cluster emission, due to dissociation, as vibrational energy is increased in the excited state. Mixed complexes with argon have much weaker binding, such that stabilization in S, is on the order of 20 cm-1 relative to the ground state, and it increases to 172 cm-1 in the ion? There is a relatively strong electrostatic interaction between the charge on the ion with a polarizable rare gas atom or ground state molecule, conferring greater binding energy than for the neutral cluster, by factors ranging from 2 to 10. This is expected to activate long Franck-Condon progressions in the low frequency intermolecular vibrational modes in the ionization spectrum. Whereas these have been observed for some clusters, we did not observe such features for the case of the naphthalene clusterg, and were able to conclude, based on this and other information, that the trimer ionizes by a biexcitonic autoionization mechanism. This was consistent with the former result, obtained by Whetten and coworkers? indicating that large benzene clusters ionize by a bimolecular mechanism, rather than by the direct sequential ionization process characteristic of monomers. Whetten describes the large cluster mechanism as exciton fusion, whereby two molecular excitations diffuse and finall? collide, depositing the energy of two individual excited molecules at a single site, thereby exceeding the ionization potential of a single molecule.
Currently, there is considerable interest in cluster geometry because it provides a basis for understanding the evolution from properties of the monomer to those of bulk 6J. R. Grover, E. A. Walters, and E. T. Hui, J. Phys. Chem 91,3233 (1987 here and elseLvhere. Earlier work in our laboratory relied on monomer ion fragmentation spectra in order to determine the ion absorption spectrum of naphthalene cationsI4. Cold ions were formed by gently ionization (leaving little excess vibrational energy in the initially formed ion). The absorption spectra of these ions were recorded by monitoring fragmentation of the ions that was induced by the absorbed energy. The method was highly effective in detecting ion absorption, however, in many situations multiple photon absorption by the ion is required, and this introduces the possibility of adverseIy broadening the spectra. Nevertheless, the method has been used successfully to obtain the spectra of benzene", chlorobenzene~6, and methyl iodide" cations. In each case, new electronic states with distinctive vibronic structure have been revealed. Initially, we proposed to improve the method of ion fragmentation spectroscopy for large molecules by forming weakly bound van der Waals complexes between an aromatic ion and rare gas molecule, and then recording the ion spectrum by monitoring dissociation of the complex. This requires little excess energy, and thus should avoid problems associated with power broadening. As reported below, we readily achieved complex dissociation, although low cluster ion abundances have precluded extensive spectroscopy using our beam apparatus. However, Knight and coworkers recently reported well resolved spectra of chloroben~ene~~, fluorobenzene,'s and p-difluorobenzene'g ion clusters, thus demonstrating the practicality of the method.
Experimental
Additional aspects relevant to ongoing studies are discussed here. A cross sectional view of a modified pulsed valve modeled on our present in-house constructed solenoid activated pulsed valve is shown in Figure 1 . A Kel-F pin is normally held in place by a 'spring in order to seal the drilled passage way to the valve aperture. In the current device, the valve aperture is a pinhole drilled in a thin plate with a diameter 100,200 or 500 pm. The input carrier gases are mixed in a manifold and then pass into to thermostated valve body where they are mixed with the equilibrium vapor pressure from the sample material. The mixture expands directly into a vacuum chamber that is pumped by a 6" diffusion pump. The pressure in this region was monitored with a fast ion gage using 10 psig helium on the inlet side of the valve. Expansion chamber pressure varies from approximately lo4 torr for a closed valve to 5 x torr when open (200 pm pinhole), with a risetime on the order 500 ps and fall time on the order of 5 ms. A portion of the beam passes through a 0.1 cm aperture in a 2 cm diameter skimmer into an inner mass spectrometer chamber which is piimped to torr. Ionization and time-of-flight mass spectrometry are performed as previously described. Conditions influencing effective temperature in the expansion include inlet pressure, nozzle diameter, valve drive voltage and valve spring tension, valve opening duration timing of the ionizing laser pulse relative to valve opening, and positioning of the Iaser beam relative to the expansion axis. GeneraIIy the best cooling was obtained with timing adjusted for excitation slightly after full beam intensity is achieved.
The experimental apparatus was previously described in the published literature.2o
Results and Discussion Naphthalene Whereas monomer production and cooling is relatively insensitive to experimental conditions, formation of clusters in our system is highly sensitive to mechanical valve adjustment and to electrical pulsing conditions. In experiments requiring formation of homoclusters. linewidth and vibrational hot band population was found to be relatively insensitive to inIet pressure, expansion gas composition, and nozzle diameter. In the case of naphthalene, the ratios of dimer to trimer to tetramer were equal within experimental error (230%) for inlet pressures ranging from 100 torr to 40 psig, for nozzle diameters from 100 to 500 pm, and for carrier composition ranging from 0 to 20% argon in helium. The ratios were highly sensitive to naphthalene vapor pressure, with the expected result that maximum clustering occurred at high vapor pressure. The unexpected result was that apparent cluster temperature and abundance were highly sensitive to the mechanical adjustment of the valve system and apparently, to the wear condition of the valve pin. Thus, with the current technology, it is difficult to reproduce cooling conditions and cluster distributions. Performance could be improved substantially by modifying the pulsed valve system to increase reproducibility of plunger motion, as shown in Figure 1 . In addition, provision for an expansion nozzle cone is being added to increase clustering by confinement during expansion. tetramer clusters. Using I-color excitation, the onset of trimer ionization by 2-photon absorption occurs for the SJvibrational excitation (32368 cm-1, the trimer origin is 31,965 cm-I) in the So -S, spectrum. The ionization potential is unknown for the trimer and tetramer, however the monomer ionization potential (65,666 cm-1) is such that the corresponding monomer transition is below the lowest 2-photon ionization limit. Therefore, this excitation is incapable of imparting substantial excess energy to the trimer ion. Nonetheless, there could be sufficient energy to dissociate a weakly bound cluster, provided the Franck-Condon factor for direct excitation of intermolecular motion were sufficiently large or given efficient NR (intramolecular vibrational redistribution). In this case, the Franck-Condon factors for excitation of intramolecular modes are weak, in that 8; and observed higher enerm modes of the trimer have less than 10% participation by low frequency intermolecular modes. The higher excitations exceed the ionization threshold by over one thousand cm-I. Therefore there is no evidence for-direct dissociation. However, we observe that direct 2-photon ionization results in a mixture of ion sizes. For example, when excitation is resonant exclusively with the trimer transition, a typical ratio of signals Homocluster dissociation dynamics were studied for the naphthalene trimer andfrom monomer ion, dimer ion, and trimer ion is 1 : 0.1 : 0.05. This ratio does not vary significantly as excitation is scanned across trimer excitation bands, and is essentially unchanged for isotopic mixed trimers. This phenomenon has been studied as a function of intensity, cluster formation conditions (T), and static electric field strength, and no substantial dependence was observed. Currently, the most satisfactory explanation is that the excitonic autoionization process excites dissociative intermolecular modes of the ion. Simiiar studies were carried out for the tetramer, with essentially the same result. dynamics, with the hope of increasing the understanding of cluster ionization processes. It was readily possible to record fluorescence excitation spectra for the summed emission of monomer, dimer, trimer, and tetramer clusters by using a photomuItipIier detector supplied with ultravioIet cut-off filters designed to reject the directly scattered laser radiation, but to accept emission from the moIecular species. However, when a spectrometer was addedFluorescence studies were attempted in order to further elucidate dissociation (with sufficient resolution to isolate emission from each cluster size), only monomer emission could be detected. This was consistent with crude measurements of dimer and trimer S , lifetimes made by an ionization technique in which the ionizing laser beam was delayed relative to the So -S , excitation pulse. From these measurements, we conclude that the cluster lifetimes are less than 5 ns. Based on the likely radiative rates for the cluster transiiions, this is consistent with failure to observe dispersed fluorescence emission.
conformations for the mixed isotopic clusters HDH and DHD, Figure 2 . At the time of the initial studies it appeared thqt effective temperatures were on the order of 50 K and if this were the equiiibrium temperature prevalent during cluster formation, then a mixture of conformer species would be expected. During the past year we have extensively remeasured spectra for these species as a function of formation conditions. No dear evidence has been obtained for other isotopic or geometric conformations. The more recent work has estabIished, with reasonable certainty, that the absorption pedestals in the trimer and tetramer spectra are associated with the autoionization mechanism, rather than an inhomogeneous distribution of cluster conformations, or inhomogeneous temperature One of the most unusual observations in prior work was the existence of single distributions, as was initially suspected. Therefore, we now conclude that there is a single preferred conformation for each isotopic mixture. During the past three years other research groups have accumulated evidence for preferred isotopic conformers for smaller hydrogen bonded clusters.21 As explained in the discussion on benzene, the preferred -?lW. structures are stabilized on the basis of zero point energies lower than for alternative conformations. The lack of alternate conformers in our trimer and tetramer spectra confirm that good equilibration occurs between the expansion gas and the intermolecular modes of the clusters and that the effective temperature is well below 50 K. Theoretical calculations of cluster geometry are becoming increasingly important in understanding larger molecular clusters. It is relatively straightforward to apply these calculations to naphthalene clusters with geometries previously deduced by spectroscopy. This was tested for the trimer and tetramer structures. The calculations did not yield a local minimum at the trimer geometry deduced from the dipolar interaction model. In this case the disagreement is attributed to the substantial repulsive interaction predicted between the dosest hydrogen atoms on adjacent molecules. It is possible that these interactions are overestimated by the standard empirical potential field. The calculations do predict a potential minimum for a geometry similar to that empirically deduced from the dipolar model for the tetramer.
Finally, formation of mixed clusters of naphthalene with rare gas atoms was performed using mixed carrier gases with manifold pressures on the order of 30 psig. For the case of 7,j ionization, which is the lowest energy allowed 2-photon ionization transition for this cluster, the naphthalene-argon1 abundance was approximately 2%. This transition is expected to lead to approximately 200 cm-1 excess enerB upon ionization. therefore the ion should not be substantially hotter than the naphthalene trimer cluster ion formed by 8 : ionization. However, the possibility existed that the mixed cluster has very weak binding and readily dissociates. Therefore 2-color excitaiion was performed, whereby a second beam of lower energy was introduced in order to ionize S , with minimal excess energy.
This did not noticeably increase the abundance of the naphthalene-argon clusters. As a consequence of these negative results, we concluded that naphthalene mixed cluster spectroscopy calls for an improved cluster beam source with an expansion cone in order to increase cluster formation. Aniline mixed clusters with appreciable efficiency. Initially, we performed 1-color 2-photon ionization experiments on aniline, aniline-argon, and aniline-argon?. -Zero-point excitation of S, aniline leads to direct 2-photon ionization, with 5785 crn-1 excess energy. In this case the aniline-argon 1 and aniline-argon2 signals represented about 10% and 5% respectively of the ionization signals, as shown in Figure 3 . The ratios ifiicreased up to a manifold pressure of about 10 psig, and then became relatively constant. Changing beam diameter, Subsequent studies were directed to the aniline molecule, which is known to form c pulse length, and helium-argon mixing fractions did not have a substantial influence on the ratios. Two-color excitation was studied with the goal of decreasing the excess energy deposited in the ion and thus suppressing cluster dissociation. This was marginally effective. Instead, two color ion dissociation experiments were performed, using visible light from the second laser to induce dissociation of the cluster ions, and thus to record the aniline ion absorption spectrum. A signal is readily obtained in this experiment, however, within the prevailing signal-to-noise consrraints, it is wavelength independent in the region from 550-750 nm. An absorption system corresponding to the recently discovered benzene ion B -X system14 was anticipated in this region, however it may lie in the green region. in order to locate the corresponding transition in the aniline ion. In the future, the modified beam source will be used for these studies in order to improve the ability to recover spectra in currently studied regions. The fact that we observe distinct cluster dissociation in the low . energy region studied up to now can be explained by the fact that there may be an underlying weak A -X transition (involving the n-electron). These possibilities will be resolved in the future work.
Benzene
In a collaboration with the UCLA cluster spectroscopy group of Professor Robert M'hetten and Aerospace," spectroscopy has been performed on the mixed isotopic benzene 13 clusters with the aim of providing structural information about large clusters.
Large benzene clusters are formed in abundance in the UCLA beam, which employs an expansion cone iii order to assist ifi ,,Jster formation. The ;,atopically pure clusters have 1-color '-photon ionization spectra consisting of bands of sharp transitions at wavelengths corresponding to related monomer benzene transitions. The bands generally consist of three distinct regions as shown in Figure 4: (1) a low energy region with either continuous absorption, or a weak sharp low energy transition (about -50 cm-' from band center), (2) intense sharp complex transition in the middle of the band, and (3) weaker complex structure at high energy (about +50 cm-I). The sharp features are separated by 2 to 10 cm-1, which is typical for resonant interaction energies of degenerate sites of benzene.
Thus, the early results suggested the existence of two or three different sites in the cluster, which is consistent with earlier theoretical structure predictions.
Subsequently, it proved feasible to study the hid12 mixed isotope cluster. In the vibronic band 6d. which is symmetry allowed, a sharp transition appeared at the bottom of the band. at the exact energy of the lowest energy 62 component in the h13 cluster. The corresponding component was missing in the symmetry forbidden origin system. This result is in startling agreement with predictions based on van de Waals theoretical calculation, which suggests that there is a special central molecule site of high symmetry in the benzene 13 cluster, as shown in Figure 5 . The protonated molecule in the mixed cluster substitutes in this site because it confers the lowest zero-point energy to the cluster when substituted in this position. The site has C3 symmetry in van de Waal's proposed icosahedral structure, and thus should be forbidden in the origin band, as observed. Furthermore, molecules in all other sites have lower site symmetry, and thus the band structure corresponding to these sites should appear similar in both the forbidden origin and allowed 62 transitions, as observed. The spectra are inconsistent with alternative structures, such as the one that is directly related to the crystallographic structure. Thus, it appears that optical spectroscopy combined with mixed isotope experiments provides a structural determination for the large benzene13 cluster, in addition to the previous determinations for benzene2, benzene3, naphthalene3, and naphthaleneq. The benzene 13 work has been submitted for publication in the Journal of Chemical Physics.
Conclusion
The on going studies demonstrate that pure cluster ions can be formed in abundance and that spectroscopy of isotopically substituted clusters can be used to deduce the structures of highly symmetric conformations for both the large benzene13 cluster and for benzene?, benzene3, naphthalene3, and naphthaleneq. In cases of benzenel3, naphthalene3 and naphthalene4 single high symmetry conformations confer stability based on minimum zero-point energy.
spectroscopy on neutral and ionic aromatic clusters of pure and mixed composition. Improved cluster sources would be of considerable value in extending spectroscopic capability. Currently the sources capable of high temperature operation favor monomer and small cluster formation. Results on benzene pure clusters obtained with a low temperature pulsed s o m e suggest promising modifications that could be implemented in a high temperature mixed cluster source.
The current studies support the feasibility of performing high resolution 
